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Featured Application: The investigations provide information about important parameters needed
for the modelling of design bases, and beyond design bases, nuclear accidents and processes occur-
ring during the long-term dry storage of spent nuclear fuel.
Abstract: In situ neutron radiography experiments can provide information about diffusive processes
and the kinetics of chemical reactions. The paper discusses requirements for such investigations. As
examples of the zirconium alloy Zircaloy-4, the hydrogen diffusion, the hydrogen uptake during
high-temperature oxidation in steam, and the reaction in nitrogen/steam and air/steam atmospheres,
results of in situ neutron radiography investigations are reviewed, and their benefit is discussed.
Keywords: zirconium alloy; hydrogen diffusion; hydrogen uptake; high-temperature oxidation
1. Introduction
Hydrogen in metals is an evergreen in material research. Even small amounts of
hydrogen absorbed in a material can degrade the mechanical properties significantly. Several
fracture mechanisms caused by hydrogen are well known. One example is the so-called
fisheye fracture occurring in steels even with hydrogen concentrations in the order of
magnitude of a few wt.ppm. Here, dissolved hydrogen (protons) moves to the crotches of
grain boundaries, recombines with molecular hydrogen, and builds up an inner pressure,
which can exceed the fracture strength even with subcritical external load.
Hydrogen pickup degrades the mechanical properties of zirconium alloys used for
nuclear fuel claddings too. Hydrogen is absorbed by water corrosion during operation or
by high-temperature steam oxidation under accident conditions.
The hydrogen concentration in spent fuel claddings has values between 50 and
80 wt.ppm depending on the chemical composition and the production paths of the
tubes [1]. At high burn-up, concentrations of up to 650 wt.ppm can be reached. The solu-
bility of hydrogen in Zircaloy-4 (Zr 1.3% Sn) at a reactor operation temperature of 300 ◦C
is about 70 wt.ppm [2]. Most of the hydrogen is dissolved in the zirconium lattice during
operational conditions up to a burn-up of about 50 GWd/MTU. For discharging of the fuel
assemblies, the reactor is cooled down. The hydrogen solubility at room temperature is
very low. Hydrides precipitate nearly exclusively with orientation on a circumferential
direction because the outer pressure is higher than the inner pressure in the fuel rods (see
Figure 1). After storage in a spent fuel pool at temperatures of about 60 ◦C, the fuel rods
heat up to temperatures between 350 and 400 ◦C at the beginning of the dry storage due
to the remaining decay heat. Most of the hydrides become dissolved again (hydrogen
solubility at 400 ◦C is about 200 wt.ppm). The decrease in decay heat results in a very slow
cool-down of the spent fuel rods, and with it to a reprecipitation of the hydrides. Because
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the inner pressure in the rods is higher than the outer pressure under dry storage conditions,
the hydrides can be oriented in a radial direction. This orientation degrades the mechanical
strength much stronger than hydrides oriented in a circumferential direction. In order to
develop models describing these processes over a time scale of 50 to 100 years, the influence
of system parameters such as temperature, texture, grain size, chemical composition, and
elastic strain on the hydrogen diffusivity and solubility has to be determined accurately.
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Figure 1. Circumferential hydrides (dark) in Zircaloy-4.
During design basis large break loss of coolant ccidents (LB-LOCAs), band-shaped
hydrogen enrichments with concentrations of several hundred wt.ppm can be formed due
to the so-called secondary hydrogen uptake via the inner surface of the cladding tubes
after failure. Hydrogen concentrations of up to more than 3500 wt.ppm were detected
in cladding tubes applied in large-scale severe accident simulation tests. Figure 2 shows
the distribution of these high hydrogen concentrations. It results in an embrittlement of
the materials as it was shown in [3]. The sample fails in the tensile test at the hydrogen
enrichments if the local hydrogen concentration exceeds 1500 wt.ppm. This material
degradation provides the risk of brittle thermo-shock fracture during emergency cooling,
terminating the accident. If this happens, fuel and fission products could be released and
placed on the bottom of the reactor vessel, resulting in coolability issues. Therefore, one
focus of the actual nuclear reactor safety re arch is the investigation of the concentrati n,
shape, and dimension of the hydr gen enrichments after several accide t scenari s.
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Figure 2. Hydrogen distribution in the cladding around the burst opening of rod #04 of the QUENCH-
L3 test (the positions containing hydrogen are marked with blue color).
eutron imaging is a powerful tool for the i vestig tion f hydrogen in zirconium
alloys because the macroscopic total neutron cross section f hydrides can be up to 2500%
co par d with one of the typical zirconium alloys applied as cladding mater al. Sev-
eral groups worldwide applied neutro imaging for u h i vestigations during the last
years [4–14]. However, only few investigations were performed in situ. Often, such in situ
investigations are very helpful to understand the dynamic of physicochemical processes.
This paper discusses the requirements for in situ neutron radiography investigations
and shows the benefits of such investigations in examples of the hydrogen absorption,
diffusion, and redistribution in nuclear fuel claddings made of zirconium alloys.
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2. Experimental Requirements
In situ neutron radiography investigations of hydrogen-related processes occurring
at temperatures between 250 and 1400 ◦C combine the requirements of laboratory reac-
tion furnaces:
- Well-controlled temperature protocol and homogeneous temperature fields;
- Well-defined and changeable gas atmosphere and nonreactive furnace structures and
sample holders with the general needs of neutron radiography;
- High transmission by less material in the beam;
- The material of the sample environment in the beam should be distributed homoge-
neously to have as few as possible additional structures in the images;
- Short distance between sample and detector to increase the spatial resolution even at
lower L/D;
- No overheating of the detector system by the in situ furnace;
- Low-activation materials, long-term activated components should be easily replaceable.
Particularly, internal structures of the sample environment can change their position
by thermal expansion, changing of sample’s weight, or deformation. Such effects make
referencing difficult or impossible. Even position changes smaller than the pixel size
become visible. For instance, it is very difficult to reference a high-temperature image by
using an image taken at room temperature. If possible, the reference image should be taken
under the same conditions as the images to be referenced.
In addition to high-temperature chambers available at the neutron source sites, some
user-dedicated devices exist [11,14]. In the following, the INRRO (in situ neutron radio-
graphy reaction oven) furnace of KIT [15] is introduced. Figure 3 gives a scheme of this
high-temperature chamber. In Figure 4, pictures of the furnace mounted at ANTARES and
a radiograph of the empty furnace are shown. The furnace can be applied for experiments
between room temperature and 1500 ◦C. The INRRO consists of a water-cooled double-
walled steel container with non-water-cooled flanges at opposite sides as beam windows.
Inside the container is a ZrO2 fiber thermal insulation and the furnace tube made of Al2O3
heated by a niobium wire. Argon purges this part of the furnace. Thermocouples are
installed between the heating wires and the furnace tube. The electric power is controlled
on the basis of one of the thermocouples by an Eurotherm controller. The composition of
the gas flowing through the furnace tube is defined by a Bronkhorst system consisting of
two gas flow controllers (one for argon, the other one for an additional gas, such as H2, O2,
or N2,), a mass flow controller for water, and an evaporator and mixer (CEM). The sample
can be mounted on a sample holder rod in an airlock. This allows keeping the furnace at
temperature and moving the sample in and out of the furnace without longsome heat-up
or cool-down.
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Another example is a special sample holder for in situ tensile tests at a defined tem-
perature in the range of room temperature to 450 ◦C to study the hydrogen redistribution
in stressed and precracked pressure tube samples constructed by CNEA, Buenos Aires,
Argentina (see Figure 5). This sample holder can be mounted at a load machine and heat a
sample to the test temperature. The first in situ tests with this sample holder were already
performed at ANTARES, FRM II. The data analysis is still in progress, and the results are
not yet published.
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3. Examples of In Situ Neutron Radiography Inv stigations
In this section, three examples of in situ investigations of the hydrogen behavior in
nuclear fuel cladding materials are given. First, in situ measurements of the hydrogen
diffusion into a solid cylinder made of the zirconium alloy Zircaloy-4 (Zry-4) were de-
scribed, followed by investigations of the hydrogen uptake of cladding tube segments
made of Zry-4 during steam oxidation and during oxidation in various nitrogen-containing
atmospheres. In all in situ experiments, LiF scintillators were applied.
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3.1. Hydrogen Diffusion at Temperatures between 900 and 1400 ◦C
The aim of these investigations was the determination of the temperature correlation of
the diffusivity of hydrogen in Zircaloy-4 in the high-temperature β phase. In the literature,
two different correlations are given for this zirconium phase [16,17] determined for different
temperature ranges.
3.1.1. Material and Measurements
The measurements of the hydrogen diffusion in Zry-4 (Zr, 1.5% Sn, 0.21% Fe, 0.10%
Cr) were performed using solid cylinders made of this material. The diameter was 12 mm,
the height 20 mm. These cylinders were oxidized for 30 min at 1200 ◦C in an argon/oxygen
atmosphere, producing an approximately 120 µm thick oxide layer, which prevents hydro-
gen pickup. The oxide scale was removed at one base plane of the cylinder by mechanical
grinding and polishing to allow hydrogen penetrating into the sample through this plane.
The in situ neutron radiography investigations were performed at the ICON facility at
SINQ (Paul Scherrer Institut, Villigen, Switzerland) at temperatures of 900, 1000, 1100, 1200,
and 1300 ◦C. The furnace was mounted at the table for large samples. A collimation of
about 600 in terms of L/D was applied. The thermal neutron flux at this beamline position
was 3.9 × 106 n cm−2 s−1. The illumination time per image was 19 s. Together with the
readout time, this resulted in a frame repetition rate of 0.05 Hz. The pixels had a size of
about 58 µm, and the field of view was 464 mm × 464 mm.
The annealings were performed in a flowing argon atmosphere (50 L/h). After the
collection of images for the initial state during the first 3 min, a hydrogen injection of
8 L/h into the flowing gaseous atmosphere was started. The images were referenced to the
first images taken at the test temperature before the hydrogen injection was started. The
resulting images show only the changes in the sample transmission to the initial state. This
means that only the hydrogen distribution in the sample is displayed.
3.1.2. Results
Figure 6 gives examples of the images taken at 900 ◦C at various times after starting
the hydrogen injection into the furnace. A video about this process is available online
as supplement S1. The progress of the hydrogen penetration into the solid cylinder is
clearly visible.
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Figure 6. Image sequence of the hydrogen diffusion into Zry-4 at 173 K.
The transmission distribution can be determined for each image. The macroscopic total
neutron cross section was calculated from these transmissions. As an example, Figure 7a
plots these distributions for several times of the test at 1200 ◦C. These curves were fitted
by the solution of Fick’s law for constant concentration at the surface through which the
hydrogen penetrates.
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. An example for the fits is given in Figure 7b.
3.1.3. Discussion
The temperature dependence of the determined diffusivity is given in an Arrhenius
plot in Figure 8, together with temperature correlations calculated from correlations given
in the literature [15–17]. The length of the lines gives the temperature range used for the
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determination of the correlations. The values determined here agree at temperatures of
1100 and 1200 ◦C with the correlation given by Someno [16], but at 900 and 1000 ◦C with
the one published by Gelezunas [17]. It looks like the different limited temperature ranges
of the two investigations are the reason for the difference in the temperature correlation.
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3.2. Hydrogen Uptake during Steam Oxidation in the Temperature Range between 900 and 1400 ◦C
The hydrogen uptake of nuclear fuel claddings made of zirconium alloys under
accident conditions is of high safety importance. The oxidation of the hot fuel cladding
tubes by steam can be described very simply by:
Zr + 2H2O = ZrO2 + 4H
The produc d free hydrogen can recombine with molecular hydrogen H2 or can be
absorbed by the remaining metallic zirconium.
4H = 2(1 − f) H2 + 4f Habsorbed
f is the hydrogen pickup fraction. This so-called secondary hydrogenation during oxidation
in steam (it is the hydrogen uptake during the accident, the primary hydrogenation is the
uptake during operation) can degrade the toughness of the material if a certain hydrogen
concentration is exceeded. This embrittlement increases the risk of fuel rod fragmentation
during emergency cooling to terminate the accident. Fuel and fission product release and
redistribution would be the consequence.
3.2.1. Materials and Measu m nts
The measurements were performed using 20 mm long segments of as-received com-
mercial cladding tubes made of Zircaloy-4 (outer diameter, 10.75 mm; wall thickness,
0.725 mm) and E110 (Zr–1% Nb; outer diameter, 9.62 mm; wall thickness, 0.75 mm). The
in situ neutron radiography investigations were performed at the ICON facility (SINQ,
PSI, Villigen, Switzerland) and at the ANTARES facility (FRM II, TU Munich, Munich,
Germany). The measurement parameters are given in Table 1.
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changes by the absorption of oxygen, forming an oxide scale at the surface, and by the
hydrogen uptake. In order to separate the effect of oxygen and hydrogen, the amount of
oxygen bonded or absorbed by the sample was calculated by the known oxidation kinetics.
The contribution of the oxygen to the total macroscopic neutron cross section ΣO was
determined in pretests:




NO and σO are the number density and microscopic neutron cross section of oxygen,
∆m the mass gain after oxidation, and m the initial mass of the sample.
Equation (2) was applied for the subtraction of the contribution of the oxygen to
the increase in the total macroscopic neutron cross section of the sample measured in the
in situ experiment. The dependence of ∆m/m on the oxidation time and temperature
was determined in former investigations of our own. Figure 9 gives an example of the
separation of the effects of oxygen and hydrogen in the total macroscopic neutron cross-
section development during oxidation by steam of Zircaloy-4 at 1200 ◦C.
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3.2.3. Results and Discussion
A neutron radiography video of the reaction of the Zry-4 sample at 1000◦C in steam
is avaible online as the supplement S2. A summary of the hydrogen uptake during the
oxidation of Zry-4 cladding tube segments in steam is given in Figure 10. The curve for
900 ◦C is not plotted in the diagram. No significant hydrogen uptake was determined
during the whole time at this temperature. The reason for this is the monoclinic structure
of the zirconium oxide at this temperature, resulting in a much lower oxidation rate, and
with it the very low hydrogen partial pressure in the gas phase. At 1100 to 1500 ◦C, the
oxide scale has a tetragonal structure. At 1000 ◦C, the oxidation starts with a tetragonal
structure, which is stabilized by the maximal possible substoichiometry. When the oxygen
vacancies are more and more filled, the oxide structure is transferred to the monoclinic one.
Due to the differences of the atomic volumes between these two structures, strong stresses
are induced by this phase transformation. A pronounced crack structure in the oxide layer
is formed at this temperature, known as the breakaway effect.
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Figure 10. Development of the hydrogen concentration during isothermal oxidation of Zry-4 in
steam at temperatures of 1000, 1100, 1200, and 1300 ◦C.
Generally, the initial hydrogen uptake is very fast as long as no protective oxide layer
is formed. This finding is new; no other method has provided this information before. This
stage of the hydrogen uptake is finished after about 20 s. L ter, the hydrogen concentr ti
decreases slightly. The hydrogen absorption increases with increasing temperature. At
1000 ◦C, the behavior differs after about 30 min. At this time, the crack formation i the
oxide scale starts. Open cracks act as a “hydrogen pump”: steam penetrates into the cracks
and reaches the reaction zone close to the metal/oxide interface. The oxygen is consumed,
and the hydrogen remains and becomes enriched in the cracks. The higher hydrogen partial
pressure results in an enhanced hydrogen uptake according Sieverts’ law. This additional
hydrogen absorption has the consequence of a decrease in the total gas pressure in the
cracks. New steam is sucked into the cracks to equalize the pressure, and the processes
start again. A more det iled description of the tests and results for the E110 alloy and a
deeper discussion are given in [18].
3.3. Investigation of the Reaction of Zry-4 in Steam, Nitrogen/Steam, and Air/Steam Atmospheres
In the framework of the severe accident research after the Fukushima accidents in
2011, the reaction of the nuclear fuel cladding tubes in steam/nitrogen and steam/air
gas mixtures came into focus in research. This is relevant if the emergency cooling water
is pressurized by nitrogen or for spent fuel pool accidents. For thermodynamic reasons,
zirconium reacts at first with O2 and if oxygen is con umed, nd the reaction with steam
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starts. If both oxygen and steam are no longer available, zirconium reacts with nitrogen.
If the oxygen and steam starvations are valid for the whole sample, it is called global. If
the starvation occurs only at special positions, for instance at the tips of cracks through the
oxide scale, it is called local. A model for these reactions was developed, predicting the
dependence of the reaction kinetics on the total gas flow: the surprising outcome that the
reaction rate is the higher the lower the gas flow is, was experimentally confirmed.
3.3.1. Measurements
In order to study details of the reaction kinetics of the oxidation of zirconium alloys
in mixed nitrogen-containing atmospheres, in situ neutron radiography investigations
were performed at the ANTARES facility at FRM II (TU Munich, Garching, Germany)
using the INRRO furnace. The collimation was 1100 in terms of L/D, and the neutron flux
5.3 × 107 cm−2 s−1. The images were taken with a frame repetition rate of 0.033 Hz. A
relatively high sample–detector distance of 225 mm resulted in a lateral resolution of about
250 µm, which was suitable for the investigations.
The tests were performed at temperatures of 800, 900, 1000, and 1100 ◦C, which is the
temperature range of the strongest effect of nitrogen on the reaction kinetics. Cladding
tube segments with a length of 20 mm made of Zircaloy-4 were oxidized in pure steam as
reference in nitrogen/steam atmospheres with constant partial pressures, but with varying
total gas flow rates and in an air/steam gas mixture with the same steam partial pressure.
3.3.2. Data Analysis
The data analysis was much more complex than in the previous examples because
three elements (H, O, and N) were added to the pristine zircaloy. The amount of these
elements changes during reaction with time nonmonotonically because not only oxidation
and nitriding but also reoxidation of zirconium nitrides occur when the temporary oxygen
or steam starvation is finished. Additionally, a strong swelling of the sample occurs. Under
this condition, referencing to the initial sample state is difficult. Therefore, a quantitative
analysis of the data was not possible in each case. However, even a qualitative analysis of
the data provided new insights in the time scale of changes in the reaction kinetics.
Where possible, the following correlations were applied for a quantitative analysis:
n For hydrogen,




+ 0.168 cm−1 (3)
with N as the number density of hydrogen and zirconium, respectively.
n For oxygen, the correlation of Equation (2) was used.
n For nitrogen, the contribution to the total neutron cross section ∆ΣNtotal was esti-
mated by
∆ΣNtotal = 6.0 cm
−2δZrN (4)
δZrN is the mean thickness of the nitride-containing layer. This value can only be
determined destructively after the neutron radiography in the sample. Therefore, a parallel
sample set was produced for the determination of this parameter.
As already mentioned, the samples changed their shape by swelling. Therefore, two
ways of referencing were used: referencing by the initial state of the sample and by the
empty furnace at the test temperature.
3.3.3. Results and Discussion
A large number of tests were performed. Describing the results of all of them exceeds
the framework of this paper. As an example, Figure 11 shows the development of the
sample annealed in a nitrogen/steam atmosphere at 900 ◦C with a total gas flow rate of
24 L/h. A neutron radiography video of this reaction is available online as supplement S3.
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The strong swelling is obvious. Macrocracks are visible after a 2 h reaction. The images are
referenced by the image of the empty furnace. The sample holder rod is visible. Referencing
with the sample holder rod but without the sample is not successful because the weight
of the sample changes the sample holder position slightly but sufficiently that the sample
holder appears in the image.
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nitrogen or oxygen flux, respectively).
Whereas the neutron transmission of the Zry-4 sample does only marginally change
after 8 h reaction at 800 ◦C in pure steam, it increases after reaction in an air/steam mixture.
In addition, a slight swelling of the sample is visible (former lower edge of the sample
appears bright). For the sample annealed in a nitrogen/steam mixture, a strong swelling
and a large increase of the total neutron cross section can be observed. The formation
of zirconium nitride (ZrN) precipitates in the oxide layer, as well as their reoxidation, is
connected to strong volume changes. Similar to the breakaway effect discussed before,
many cracks are formed in the oxide scale, resulting in an enhanced hydrogen uptake. In the
air/steam mixture, additional oxygen is available, reducing susceptibility to reaction with
nitrogen. In addition, less steam is consumed, and with it, less free hydrogen is produced.
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Relations differ for reaction at 1000 ◦C. The changes in the neutron transmission
were lowest after reaction in an air/steam atmosphere. Mainly, the oxygen in the air was
consumed, and only little free hydrogen was produced. The increase in the total neutron
cross section of the sample oxidized in pure steam was caused by the strong hydrogen
uptake due to the breakaway effect discussed before. The strongest reaction was found
in the nitrogen/steam atmosphere. Here, the breakaway of the oxide scale started much
earlier than in pure steam. It was surprising and unknown before that the first hints
of a breakaway of the oxide scale were already detected after a 2 min reaction time. As
mentioned before, the breakaway of the oxide scale starts after an approximately 30 min
oxidation time.
More details of the experiments and the results obtained are given in [13] and will be
published in [19].
4. Conclusions and Outlook
In situ neutron radiography investigations can provide information that cannot be
obtained by other methods. The kinetics of chemical reactions can be studied because
illumination times of a few seconds are often suitable to obtain relevant data. A high
spatial resolution in the range of some hundreds or even tens of micrometers is suit-
able for studying processes depending on length parameters such as diffusion processes
or inhomogeneous reactions influenced by inhomogeneous mechanical stress fields in
a sample.
In the framework of the study of hydrogen-related processes in zirconium alloys
(hydrogen uptake, diffusion, redistribution), new insights into the kinetics were obtained
by in situ neutron radiography experiments. The rapid hydrogen uptake at the beginning
of the oxidation of zirconium alloys in steam and the early beginning of the breakaway
oxidation in a nitrogen/steam mixed atmosphere are examples.
Recent and near future applications of in situ neutron radiography on the zirconium–
hydrogen system are the investigation:
• Of the hydrogen redistribution during the so-called delayed hydride cracking (hydro-
gen migrates to the stress field ahead of a crack tip, resulting in an embrittlement of
this region, the crack growth into this region, and the hydrogen has to migrate to the
new position of the stress field until the sample fails);
• Of the redistribution of hydrogen in cladding tubes consisting of two different zir-
conium alloys (for instance, the Dx/D4 composite consisting of a Zry-4 bulk and a
150 µm thick liner with reduced tin concentration);
• Of parameters influencing the solubility and diffusion rate of hydrogen in cladding
tube materials under the conditions of long-term (100 years) dry storage of spent
nuclear fuel rods (reorientation of hydrides from a perpendicular to a radial direction
under tensile load).
Several groups worldwide work on these fields. The first results have already been
achieved (for instance, [12,20]). However, all these processes are not yet completely under-
stood and quantified to develop precise models predicting the cladding tube state after
long-term storage of nuclear fuel.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11135775/s1: Video S1: Hydrogen diffusion into a Zircaloy-4 solid cylinder, Video S2:
Hydrogen uptake during steam oxidation of Zircaloy-4 at 1000 ◦C, Video S3: Reaction of Zircaloy-4
in a nitrogen/steam atmosphere at 900 ◦C.
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